Shake flask experiments showed that Pseudomonas okovorans began to be growth inhibited at 4.65 g of sodium octanoate liter-', with total inhibition at 6 g liter-'. In chemostat studies with 2 g of ammonium sulfate and 8 g of octanoate liter-' in the feed, the maximum specffic growth rate was 0.51 h-1, and the maximum specific rate of poly-f8-hydroxyalkanoate (PHA) production was 0.074 g of PHA g of cellular protein-' h-1 at a dilution rate (D) of 0.25 h-1. When the specific growth rate (FL) was <0.3 h-1, the PHA composition was relatively constant with a C4/C1C8/Cj0 ratio of 0.1:1.7:20.7:1.0. At IL > 0.3 h-', a decrease in the percentage of C8 with a concomitant increase in C1o monomers as ,u increased was probably due to the effects of higher concentrations of unmetabolized octanoate in the fermentor. At D = 0.24 h-1 and an increasing carbon/ nitrogen ratio, the percentage of PHA in the biomass was constant at 13% (wt/wt), indicating that nitrogen limitation did not affect PHA accumulation. Under carbon-limited conditions, the yield of biomass from substrate was 0.76 g of biomass g of octanoate-1 consumed, the yield of PHA was 0.085 g of PHA g of octanoate-1 used, and 7.9 g of octanoate was consumed for each gram of NH4' supplied. The maintenance coefficient was 0.046 g of octanoate g of biomass-' h-'. Replacement of sodium octanoate with octanoic acid appeared to result in transport-limited growth due to the water insolubility of the acid.
Poly-,3-hydroxyalkanoates (PHAs) are accumulated as an intracellular storage material by a wide variety of bacteria. This family of copolymers may be divided into two major groups: the short-side-chain (SSC) PHAs (such as poly-1-hydroxybutyrate and poly-13-hydroxybutyrate-co-3-hydroxyvalerate), produced under appropriate conditions by many bacteria (1, 12a, 16, 22, 23) , and the long-side-chain (LSC) PHAs, produced by the fluorescent pseudomonads when grown on alkanes or alkanoic acids (1, 5, 12, 13) . Since SSC PHAs have properties similar to conventional thermoplastics and were the first to be discovered, they were the first to find commercial application. Uses for LSC PHAs are less obvious but may be more numerous because of their chemical diversity. For example, their monomers may serve as a source of chiral building blocks for stereochemical syntheses or the polymers themselves may be mixed with SSC PHAs to alter their mechanical properties.
Although the precise properties of LSC PHAs depend on the number of carbons in their side chain (18) , in general, the stress-strain curve, the glass-transition temperature, and the degree of crystallinity are comparable to those of thermoplastic elastomers. Pseudomonas oleovorans produces these materials by using substrates such as linear and branched alkanes, 1-alkenes, and alkanoates with chain lengths ranging from C6 to C12 (2, 7, 8, 10, 13, 17) . The composition of PHA is related to the number of carbons in the substrate (13) such that most of the monomers have the same carbon chain length as the substrate (2, 13, 17) . Furthermore, the presence of monomers containing two or four carbon atoms less than the substrate indicates the occurence of 13-oxidation (10, 13) .
Monomeric units with two additional carbon atoms are also detected (2, 13) . These may be due to a condensation reaction of intermediates in the biosynthetic pathway (12 (7, 8, 17) . This opens up new avenues in the development of biopolyesters with an even wider variety of properties.
Unfortunately, the use of and even the study of LSC PHAs is greatly limited by the difficulty involved in their production. Methods do not presently exist for the production and isolation of large amounts of LSC PHAs. A step toward the development of such methods is to understand how physiological conditions affect their accumulation. In many SSC-producing bacteria, limitation by elements such as nitrogen or phosphate stimulates the specific production rate of PHA by affecting the intracellular concentrations of key regulatory metabolites such as NADH2 and acetylcoenzyme A (4). However, the mechanism of PHA synthesis in the fluorescent pseudomonads is very different. For example, 1-ketothiolase is a key regulatory enzyme for SSC PHA synthesis by Alcaligenes eutrophus (20) , but this enzyme may play little or no role in the PHA synthetic pathway of P. oleovorans (17) . Since the pathways for the synthesis of LSC and SSC PHAs are different, the mechanisms which trigger accumulation of SSC PHAs may not affect accumulation of LSC PHAs.
Although it is known that the microbial strain and the chemical structure of the carbon substrate are important (1, 2, 7, 8, 10, 12, 13, 17) , little is known about the effect of growth rate, production rate, and substrate concentration on LSC PHA composition. These parameters have been shown to affect the end products formed in other fermentations (11, 15, 19, 24) . In this work, the effects of the specific growth rate, specific production rate, substrate concentration (i.e., octanoate), and carbon/nitrogen ratio on the production and the composition of LSC PHA produced by P. oleovorans in a chemostat are described. 
RESULTS
Growth inhibition by octanoate. The growth of P. oleovorans was partially inhibited when the initial concentration of sodium octanoate in the shake flask was higher than 4.65 g liter-' and totally inhibited at concentrations higher than 6.0 g liter-1.
Effect of dilution rate. To determine the effect of growth rate on the production and composition of the PHA produced by P. oleovorans, a dilution rate experiment was performed with initial ammonium and sodium octanoate concentrations of 2 and 8 g liter-1, respectively. In chemostat culture, the specific growth rate (,u) can be controlled by and is equal to the dilution rate (D). As D increased to 0.3 h-1, there was a slight increase in biomass, while the PHA concentration decreased from 20.5 to 14.5% (wt/wt) (Fig. 1) . As D was increased beyond 0.3 h-1, the PHA content of the cells diminished rapidly. This corresponded to an increase in unmetabolized octanoate. In contrast, no ammonium was When octanoic acid was used in place of sodium octanoate, the kinetics were different such that, at D > 0.13 h-1, the biomass concentration dropped steadily as D was increased (Fig. 2) . Unconsumed ammonium ions were de- 4 . Effect of carbon/nitrogen ratio on amount of PHA contained in P. oleovorans biomass. The data are from the same experiment as Fig. 3 and show that nitrogen limitation had no significant effect on PHA accumulation under these conditions. phosphate concentration in the reactor fell from 0.81 to 0.70 g liter-'.
At this D of 0.24 h-', the percentage of PHA in the biomass was relatively constant at 13% (wt/wt) at all C/N ratios (Fig. 4) . No significant change in the PHA monomeric composition was evident as the octanoate concentration in the feed was varied. The maintenance coefficient and the "true growth yield" (i.e., biomass produced per substrate consumed for biomass production) of P. oleovorans was calculated from data taken from Fig. 1 and 3 , respectively. The cells were found to require 0.046 g of octanoate g of biomass-' h-1 for maintenance, with the true growth yield being 0.89 g of biomass g of octanoate-consumed. For each gram of NH4' supplied, 7.9 g of octanoate was consumed under carbon-limited conditions.
DISCUSSION
One of the difficulties in the production of LSC PHAs is the nature of the carbon source. While alkanes, alkanoates, alkanoic acids, or similar structures (C6 to C12) can be used, the alkanes and alkanoic acids are immiscible in the aqueous growth medium. Except for the alkanes (which are highly flammable), the other carbon sources are toxic to bacteria at relatively low concentrations. When grown on the waterinsoluble octanoic acid, the graph of biomass concentration versus dilution rate (Fig. 2) was similar to the typical curve of transport-limited growth found in hydrocarbon fermentations (6, 14) . Since octanoic acid is only weakly acidic, it does not readily ionize and remains water insoluble even when added to a fermentor containing sodium and potassium ions at pH 7.0. The addition of certain surfactants to the growth medium may help in its dispersion (9) , but substitution of the alkanoate salt for the acid completely eliminated the apparent effects of transport limitation (Fig. 1) as the salt was completely soluble in the nutrient feed. If octanoate were to be used for the batch culture of P. oleovorans, the initial concentration must be below the toxic concentration (i.e., 6 g liter-' or less). Since YXlS is about 76% (wt/wt), a theoretical maximum of 4.6 g liter of biomass-' could be produced in such a system. Therefore, a chemostat or^8 fed-batch culture must be used to produce more substantial quantities of biomass from alkanoates.
As the specific growth rate (as controlled by D) increased, qp increased until D = 0.2 h-1 and then diminished at D > 0.3 h-1 (Fig. 5) . However, the PHA content continually decreased when expressed as a percentage of the biomass. This is because the increase in the rate of growth is more rapid than the increase in the rate of PHA production as seen by the ratio of qI,uL, which decreased as D increased (Fig. 5) .
Therefore, the highest concentration of PHA in terms of percentage of biomass is obtained at low growth rates. It is well known that the monomer composition of LSC PHA is directly related to the structure of the carbon source (2, 17) . The dilution rate study showed that pi had very little effect on monomer composition until a high D was attained (Table 1) . At higher D values when the unmetabolized octanoate concentration in the fermentor was >5 g liter-', there were less C8 monomers and more C1o in terms of the percentage of total PHA. The same effect was observed at a lower D (i.e., ,u) when octanoic acid was used as the carbon source. With increasing octanoate concentration in the feed, there was little change in the PHA monomeric composition, but then the octanoate concentration in the fermentor was <5 g liter-'. It is therefore probable that neither pu nor qp has much influence on monomer composition but rather the presence of the excess carbon or nitrogen or both in the fermentor at higher D values is of greater importance.
The maintenance coefficient for P. oleovorans (based on total biomass, i.e., PHA and non-PHA biomass) grown on sodium octanoate is quite low. Most of the carbon source consumed goes to making non-PHA biomass, with only an estimated 4% of the total biomass being turned over each hour. (The turnover rate of the biomass was calculated as the product of the maintenance coefficient and the true growth yield (21) .)
Although these cells are reasonably efficient at converting substrate to biomass, the existence of a physiological trigger which can stimulate high PHA accumulation is not evident. At D = 0.24 h-', nitrogen limitation had little effect on the percentage of PHA in the biomass of P. oleovorans (Fig. 4) . This is entirely contrary to previous reports for the same strain grown in batch culture on octane (17) . For SSC PHA production, maximum accumulation usually occurs when a surplus of utilizable carbon and energy is available but growth is limited due to a shortage of other nutrients such as ammonium or phosphate (4). In the above chemostat study, (17) , it can be hypothesized that, as nitrogen becomes limiting and its concentration falls to zero, p. simultaneously decreases to zero. Meanwhile, qp (which does not directly depend on nitrogen) decreases more gradually, permitting PHA accumulation when there is little or no growth. However, in the chemostat study, although nitrogen is limiting, enough is continuously provided to maintain a certain rate of growth but, at all levels of limiting nitrogen concentration tested, there was no increase in the percentage of PHA accumulated in the biomass. Thus, the impression that nitrogen limitation stimulates PHA accumulation in batch culture may result from a decrease in p. rather than an increase in qp. It would appear that nitrogen limitation in batch culture results in a lower reactor productivity but a higher percentage of PHA in the biomass.
Although potentially valuable, the exploitation of LSC PHA copolymers is limited by their high cost of production, which is related to a general lack of knowledge concerning their biosynthesis and isolation. An understanding of the factors governing the metabolic control of the biosynthesis of LSC PHAs could aid in the development of fermentation systems which can provide the appropriate physiological conditions for maximum production.
